The expression of mepA, encoding the Staphylococcus aureus MepA multidrug efflux protein, is repressed by the MarR homologue MepR. Repression occurs through binding of two MepR dimers to an operator with two homologous and closely approximated pseudopalindromic binding sites (site 1 [S1] and site 2 [S2]). MepR binding is impeded in the presence of pentamidine, a MepA substrate. The effects of various mepA operator mutations on MepR binding were determined using electrophoretic mobility shift assays and isothermal titration calorimetry, and an in vivo confirmation of the effects observed was established for a fully palindromic operator mutant. Altering the S1-S2 spacing by 1 to 4 bp severely impaired S2 binding, likely due to a physical collision between adjacent MepR dimers. Extension of the spacing to 9 bp eliminated the S1 binding-mediated DNA allostery required for efficient S2 binding, consistent with positive cooperative binding of MepR dimers. Binding of a single dimer to S1 was maintained when S2 was disrupted, whereas disruption of S1 eliminated any significant binding to S2, also consistent with positive cooperativity. Palindromization of binding sites, especially S2, enhanced MepR affinity for the mepA operator and reduced MepA substrate-mediated MepR induction. As a result, the on-off equilibrium between MepR and its binding sites was shifted toward the on state, resulting in less free MepR being available for interaction with inducing ligand. The selective pressure(s) under which mepA expression is advantageous likely contributed to the accumulation of mutations in the mepA operator, resulting in the current sequence from which MepR is readily induced by MepA substrates. E fflux of antimicrobial agents and biocides is an important bacterial resistance mechanism (1). The ability of selected efflux proteins to recognize multiple structurally diverse substrates amplifies the problem, resulting in a multidrug resistance (MDR) phenotype. Several MDR-conferring efflux proteins, here referred to as MDR-EPs, have been studied in Staphylococcus aureus, including NorA-B-C, MdeA, and QacA (2). All of these proteins are members of the major facilitator superfamily and are secondary transporters that are dependent on the proton motive force for substrate efflux. More recently, a novel multidrug and toxic compound extrusion (MATE)-family protein named MepA was identified (3, 4). This protein also is an MDR-EP and has select fluoroquinolones, biocides, and tigecycline as substrates.
E
fflux of antimicrobial agents and biocides is an important bacterial resistance mechanism (1) . The ability of selected efflux proteins to recognize multiple structurally diverse substrates amplifies the problem, resulting in a multidrug resistance (MDR) phenotype. Several MDR-conferring efflux proteins, here referred to as MDR-EPs, have been studied in Staphylococcus aureus, including NorA-B-C, MdeA, and QacA (2) . All of these proteins are members of the major facilitator superfamily and are secondary transporters that are dependent on the proton motive force for substrate efflux. More recently, a novel multidrug and toxic compound extrusion (MATE)-family protein named MepA was identified (3, 4) . This protein also is an MDR-EP and has select fluoroquinolones, biocides, and tigecycline as substrates.
Expression of mepA is regulated by MepR, a winged helix-turnhelix repressor belonging to the MarR family, that is encoded by a sequence immediately upstream of mepA (3) . The mepR and mepA genes each have their own promoter elements and operator sequences to which MepR binds (5) . The interactions of MepR with operator sequences upstream of mepR and mepA differ considerably, in that the protein binds as a single dimer to the operator of mepR but as a pair of dimers to that of mepA (6) . Binding of MepR to the mepA operator is readily prevented by the presence of MepA substrates, whereas this effect is greatly attenuated at the mepR operator (5) . It has been shown for other MarR-family proteins that ligand binding results in a conformational change, likely locking the structure in a conformation that is unable to interact with cognate DNA (7) . The DNA-binding domains of ligand-free (apo)MepR are highly flexible and often are too widely separated to interact with consecutive major grooves of target DNA (6) . However, upon specific DNA binding these winged helix-turnhelix motifs move to positions that allow efficient, high-affinity interaction (6, 8) . On the basis of this structural plasticity, it is presumed that ligand-bound MepR is in a form incompatible with DNA docking, but confirmation of this hypothesis awaits the structural determination of complexes of MepR bound to germane MepA substrates.
The mepA operator consists of two pseudopalindromic inverted repeats (IRs), which incorporate both the Ϫ35 and Ϫ10 promoter elements (Fig. 1A) . Spacing between the mepA IRs, here referred to as site 1 and site 2 (S1 and S2, respectively) consists of a single T·A base pair. Recent structural data for the highly analogous but single IR in the mepR operator identified a signature subsequence (GTTAG) with which specific residues of the MepR DNA-binding helices interact via van der Waals contacts, and isothermal titration calorimetry (ITC) experiments confirmed the importance of this signature sequence to efficient MepR binding (8) . Positive cooperative binding of MepR dimers to each signature motif in the mepA operator may be the basis for the high-affinity binding of MepR to this site and also may play a role in easier substrate induction from it. Cooperativity may be achieved by protein-protein interactions or, more likely, by DNA allosteric effects, such as those observed upon the binding of a pair of QacR dimers to the qacA operator (9, 10) .
Previous work employing florescence polarization and ITC has revealed that S1 is the primary MepR binding site and S2 is the secondary MepR binding site, consistent with a positive cooperative mode of target interaction (6, 8) . Data from our laboratory employing clinical mepA-overexpressing strains also support S1 as the primary site (11, 12) . In those studies, one strain each with a mutation in the signature subsequence of S1 (GTTAG ¡ GTTAA) or S2 (GTTAG ¡ GTTGG) (where the mutations are underlined) were identified. MepR binding to these altered operators was assessed using electrophoretic mobility shift assays (EMSAs), and the efficiency of the target shift obtained using the S1 mutant was reduced by 60%, whereas that obtained using the S2 mutant was unaffected (unpublished). These data are consistent with the findings of ITC experiments examining the same S1 subsequence mutation, which revealed a 200-fold reduction in MepR binding affinity (8) .
In this report, we describe the effects of various mepA operator mutations on MepR binding and induction by pentamidine, a MepA substrate. The data reveal that the sequences of S1 and S2 as well as the spacing between them profoundly affect the affinity of MepR for the mepA operator as well as the ease of its induction by substrate. They also support the presence of a positive cooperative mechanism of interaction of MepR dimers with this operator.
MATERIALS AND METHODS
Bacterial strains, plasmids, media, and reagents. The strains used in the construction of various S. aureus derivatives are provided in Table 1 . The plasmids employed in the construction of these strains, as well as the plasmid used to produce large quantities of the mepA promoter and examine the in vivo functional effect(s) of the fully palindromic (FP) mepA operator mutant, are also provided. Details on strain and plasmid construction are provided subsequently. Escherichia coli One-Shot TOP10 cells and the pCR2.1-TOPO plasmid were used for site-directed mutagenesis of the mepA operator (Life Technologies, Grand Island, NY). Large quantities of MepR with a C-terminal hexahistidine tag were produced using E. coli BL21 Star(DE3) cells and the pET101/D-TOPO plasmid as described previously (Life Technologies) (5). Hexahistidine-tagged MepR is referred to here simply as MepR. E. coli strains were grown in LB broth with appropriate antibiotic selection. Unless otherwise noted, all media and reagents were the highest grade available and were obtained from Sigma Chemical Co. (St. Louis, MO) or BD Biosciences (Sparks, MD).
Genetic procedures. The nucleotide sequences of all constructs were confirmed, using an automated dideoxy chain termination method, by the Applied Genomics Technology Center, Wayne State University (13) . A 244-bp PCR product encompassing the mepA operator and surrounding sequence was cloned into pCR2.1-TOPO as described previously, producing pK918 (5) . A QuikChange Lightning site-directed mutagenesis kit was used to introduce desired changes into the mepA operator within pK918 following the directions provided by the manufacturer (Agilent Technologies, Santa Clara, CA).
Following sequence confirmation, a 90-bp subsequence including all of the mepA operator sequence as well as flanking sequences was amplified from WT, wild-type operator; Ϫ1, ϩ1, and ϩ 2, number of base pairs by which the inter-IR spacer was altered. The change in the overall operator length and position of the dimer bound to S1 relative to that bound to S2 is indicated. The clockwise or counterclockwise rotation of the S1 dimer as a result of each mutation is indicated by positive or negative numbers of degrees, respectively. The potential collision of the MepR dimers is especially evident for the ϩ2 construct (arrow). also added 12 bp to the 5= end of each product, consisting of CCGGCCC CGGGC and CGGCGCGGGCGG for the forward and reverse primers, respectively. This was done to reduce the potential for intramolecular annealing within PCR products having highly palindromic sequences as well as the possibility of residual single-stranded products confounding subsequent experiments. This 114-bp product was used for EMSAs.
PCR was used to generate amplicons consisting of ϳ600 bp of DNA flanking the mepRAB locus of S. aureus NCTC 8325-4. Primers used to produce amplicon 1 incorporated BamHI and sequential SalI/SspI sites at the 5= and 3= ends, respectively. Primers used to create amplicon 2 incorporated the same restriction endonuclease sites but in the reverse orientation, namely, SalI/SspI and BamHI sites at the 5= and 3= ends, respectively. These products were joined at their overlapping SalI/SspI sites by PCR-based overlap extension, producing a 1.2-kb product with flanking BamHI sites and centrally located SalI/SspI sites. This product was cloned into the BamHI site of the TOPO Blunt II vector, producing pK481 (Life Technologies).
The spectinomycin resistance (Spc r ) cassette of pIC156 was amplified by PCR, incorporating the flanking SalI and SspI sites that the plasmid possesses. These enzymes were used to open pK481, followed by insertion of the Spc r cassette. BamHI was used to excise the resultant 2.5-kb fragment consisting of up-and downstream mepRAB flanking DNA separated by the Spc r cassette, which then was cloned into the temperature-sensitive allele replacement vector pTStetK, creating pK837. Allele replacement was carried out as previously described, resulting in S. aureus NCTC 8325-4 with the mepRAB locus deleted and replaced by the Spc r cassette (SA-K6208) (14) .
A transcriptional fusion between mepA and lacZ was constructed using pAZ106 as described previously, followed by transduction into S. aureus NCTC 8325-4 to produce SA-K2979 (3). The mepRA::lacZ construct from SA-K2979 was amplified by PCR and cloned into pALC2073, producing pK1199 and placing the expression of mepRA::lacZ under the control of a tetracycline-inducible promoter (15) . The wild-type (WT) mepA operator within pK1199 was altered to produce a fully palindromic sequence using site-directed mutagenesis, producing pK1206. The resultant sequence is provided in Fig. 4 . Both pK1199 and pK1206 were expressed in the SA-K6208 (mepRAB knockout, Spc r ) background (SA-K6331 and SA-K6365, respectively). The efficiency of mepA expression from these plasmids was quantitated using three replicates of a ␤-galactosidase assay as previously described, modified only by a reduction in the duration of the experiments from 10 to 8 h (14) . These data are expressed as 4-methylumbelliferyl-␤-D-galactopyranoside (MUG) units, where 1 MUG unit equals 1 pmol of MUG cleaved per min per optical density at 600 nm unit.
Expression data for SA-K6331 and SA-K6365 were compared using the t-test function embedded within SigmaPlot (version 12.5) software (Systat Software, Inc., San Jose, CA).
The effect of substrate exposure on mepA expression was assessed using the same approach, except that tetracycline induction of mepR expression was not done and seven replicates were performed. In this case, the normal leakiness of the tetracycline-inducible promoter of the pALC2073 backbone was used so as to not produce so much MepR that the effect of substrate relating to a very low inducer/protein concentration ratio would be obscured (16) . Data were collected in the absence and presence of 0.4 g/ml pentamidine, which was 1/32ϫ MIC of both SA-K6331 and SA-K6365. These expression data were first analyzed using the fourth-spread method to identify any outliers, and none were found (17) . Changes in expression were determined by subtracting the number of MUG units in the absence of pentamidine from that in its presence and then comparing these data using the t test.
EMSA procedures. MepR was purified using a Probond purification system (Life Technologies). EMSAs employing MepR and mepA operator derivatives were performed essentially as described previously, but some experiments were modified by use of a range of input MepR amounts (3.1 to 50 or 100 ng) to assess binding affinity and elimination of salmon sperm DNA as a nonspecific competitor (5) . The effect of a concentration range of pentamidine (25 to 100 M), a MepA substrate previously shown to induce MepR, on the affinity of a 50-ng input amount of MepR for mepA operator derivatives also was evaluated (5) . Each EMSA included the WT mepA operator as a control, and modified operator sequences were evaluated twice. Representative images of the results of experiments performed on a single day are provided in Fig. 2 to 4 and 6. For clarity, the sequence data provided in these figures are for the positive strand only. Unless otherwise noted, all bar graphs providing EMSA data represent the means of two independent replicates. For experiments other than pentamidine induction, the WT sequence was evaluated a sufficient number of times to allow calculations of means and standard errors.
ITC. Isothermal titration calorimetry (ITC) experiments were performed exactly as described previously using a Microcal VP-ITC calorimeter (GE Healthcare Bio-Sciences, Pittsburgh, PA) (8) . DNA was purchased commercially (Integrated DNA Technologies, Coralville, IA). DNA was annealed by heating at 95°C for 5 min, followed by slow cooling to room temperature. The buffer used in the ITC experiments was 20 mM Tris HCl (pH 7.5), 150 mM NaCl, and 5 mM MgCl 2 .
Bioinformatics. The CLC Main Workbench (version 7.5) program (CLC bio, Boston MA) was used for analyses of DNA sequences. Quan- tification of the efficiency of the band shift in EMSAs was done using the Phoretix 1D Pro (version 11.8) program (Nonlinear Dynamics, Newcastle upon Tyne, United Kingdom), and ITC data were analyzed using the Origin (version 7.0) program (OriginLab Corporation, Northampton, MA). Solution of the structure of the MepR-mepR operator complex allowed a model of the mepR-mepA operator to be built (Fig. 1B) , which was done using the PyMOL molecular graphics system (version 1.3; Schrödinger, LLC) (8) . Structural data for the apo-and DNA-bound forms of MepR were obtained from the RCSB Protein Data Bank (www.rcsb.org; PDB accession numbers 3ECO and 4L9J, respectively).
RESULTS AND DISCUSSION
Importance of a single-base-pair spacer between MepR binding sites. As noted previously and illustrated in Fig. 1 , the mepA operator has profound symmetry that includes two IR pairs separated by a single base pair. These IRs include the MepR GTTAG signature sequence and its complementary mate, and for S1 it also includes a 4-bp palindromic intersignature sequence spacer (ATAT). S2 is less palindromic due to degeneracy in this intersignature sequence spacer (TAAG). This configuration is relatively unique among MarR-family operator sites. Similar to MepR, the MarR-family repressors MexR of Pseudomonas aeruginosa and MarR of E. coli bind as a pair of dimers to their respective operators (18, 19) . However, the structures of both operators differ from the structure of mepA by longer inter-IR spacing (3 and 13 bp, respectively). Using the structure of the MepR-mepR operator complex as a foundation (8) , the structure of the mepA operator is hypothesized to take a B-form DNA conformation, whereby the average rise per nucleotide is approximately 3.4 Å and the helical twist of each base pair is approximately 34°. In silico modeling of the MepR-mepA operator complex revealed that addition or removal of 1 bp or more between the S1 and S2 sites would result in the translation and rotation of the dimer bound to S1 relative to the dimer bound to S2. Hence, removal of the inter-IR T·A pair would result in the 3.4-Å closer approach of the S1-and S2-bound dimers as well as a relative 34°clockwise rotation between them. Conversely, the addition of a single base pair would provide the opposite effect. Regardless, changes in the position of the S1-bound dimer relative to that of the dimer bound to S2 are predicted to result in steric clashes between dimers primarily involving the wing motifs, which impede binding of a dimer to S2 in the presence of a dimer already bound to the higher-affinity S1 site. Even the addition of 2 bp to the spacer separating S1 and S2 results in a steric clash between the wings of the dimers, which would be unable to bind minor grooves effectively if they were repositioned to alleviate these unfavorable protein-protein interactions. These effects are illustrated in Fig. 1 .
EMSA data for operator mutants in which the inter-IR distance was altered are presented in Fig. 2 . These data reveal that the nature of the single-base-pair spacer was not important, as substitution of a C·G pair for the native T·A pair did not alter the binding efficiency significantly (compare the data for the WT and the T ¡ C substitution). Increasing the spacing by 1 bp, regardless of its identity (ϩG or ϩT; positive-strand base), markedly reduced the binding of two dimers, while it increased the proportion of onedimer binding. Increasing the spacer by 2 bp (ϩ2T) or deletion of the S1-S2 spacer altogether (ϪT) eliminated two-dimer binding completely. These data provide general support for our collision hypothesis, especially for the addition of 2 bp. However, these results do not rule out completely the possibility that changing the inter-IR spacer interferes with the occurrence of S1 binding-mediated allosteric changes to operator DNA that may be required for efficient S2 binding.
The MepR-mepA operator model predicts that a point will be reached at which further extension of the inter-IR spacing will eliminate the possibility of collision between dimer pairs. This was tested by addition of 4 and 5 T·A bp to increase the size of the spacer as well as the construction of two different ϩ9-bp mutants, including a mutant to which 9 T residues were added (ϩ9T mutant) and a mutant to which the mixed-sequence spacer GAACTTGAT was added (positive-strand bases; complementary bases are inferred). The mixed-sequence spacer was examined to control for the possibility of potential changes in DNA topology resulting from A tracts, which can introduce sequence-dependent structural effects that could confound the results (20) . Two-dimer binding remained absent in the ϩ4T mutant (not shown) but was partially recovered in the ϩ5T mutant, providing support for our collision hypothesis and for the conclusion that protein-protein interactions are not required for MepR binding to S2. Two-dimer binding was much less efficient for the ϩ9T mutant than the ϩ5T mutant, with similar results being observed for the ϩ9-bp mixed-sequence spacer mutant. The latter data eliminate the possibility of Atract-mediated changes to the DNA conformation and suggest that when the spacer length is increased beyond a critical threshold, the necessary S1 binding-mediated positive allostery utilized for efficient S2 binding is severely compromised.
Binding to S1 is a prerequisite for binding to S2 in the context of the native mepA operator. Scrambling of the S1 sequence (Sc1) completely eliminated two-dimer binding (Fig. 3, Sc1) . Inefficient one-dimer binding was maintained at large amounts of input MepR (100 ng) but disappeared at smaller amounts. These data confirmed previous ITC data, where dissociation constant (K d ) values of 42 and 3,800 nM were observed for the intact mepA operator and the presence of a scrambled S1, respectively (8) . In contrast, highly efficient one-dimer binding was maintained when S2 was scrambled, even with small amounts of input MepR (12.5 ng) (Fig. 3, Sc2) . Intriguingly, ITC studies employing a 26-bp fragment encompassing the WT S2 sequence alone revealed that MepR binds with an affinity identical to that observed for the intact mepA operator (K d ϭ 40 nM for 26-mer mepA S2; Fig. 3C ). The addition of 3 bp from the WT to the 5= end (toward S1) resulted in a dramatic 14-fold loss of binding affinity, as reflected in the observed K d (K d ϭ 570 nM for 29-mer mepA S2). The addition of an additional 3 bp from the WT to this end of the sequence, introducing all but 3 bp of the intact S1, resulted in a dramatic reduction in binding affinity (K d ϭ 1,900 nM for 32-mer mepA S2). In all three ITC experiments, the stoichiometry of binding was one MepR dimer per double-stranded DNA site (molar ratio, 2), consistent with the EMSA data generated using targets with a single, intact binding site that consistently demonstrated one-dimer binding.
These EMSA and ITC data, as well as those for the ϩ9-bp spacer mutant discussed above, reinforce each other and establish the critical need for S1 to be present and occupied by a MepR dimer to effect the physiologically relevant binding of MepR to S2. They are also completely consistent with earlier work in which various deletions of the mepA operator were examined and which indicated that S1 is the primary MepR binding site (6) . They thus provide strong support for the notion that MepR binding to the mepA operator exhibits positive cooperativity (8) .
Palindromic binding sites and substrate induction. The sequence of the mepA operator reveals that the IR forming S1 has only one mismatch, whereas that of S2 has four (Fig. 4) . Conversion of S1 to a perfect palindrome (P1) modestly augmented the binding of one dimer, presumably to S1, by 1.6-to 1.8-fold at a small amount of input MepR (at 3.1 and 12.5 ng of input MepR, 35.6 and 19.1%, respectively, for P1 and 24.5 and 11.0%, respectively, for the WT) (Fig. 4, gray bars) . However, it did not appreciably affect one-or two-dimer binding at 50 ng of input MepR. These data are concordant with the fact that the WT S1 sequence is already a nearly perfect palindrome, with the single change present in P1 providing minimal additional benefit. In sharp contrast, palindromization of S2 (producing P2) had a greater effect, in that it clearly increased the proportion of two-dimer binding relative to that of one-dimer binding and the efficiency of the complete shift, best seen at 12.5 ng input MepR. At this amount of input MepR, the ratios of two-to one-dimer binding were 7.5 (83/11) and 99 (99/1) for the WT and P2, respectively. A reasonable explanation for these observations is that the more extensive changes necessary to convert S2 to a perfect palindrome contribute to more efficient recruitment of the second MepR dimer when S1 is already occupied. The mechanism of this effect is related in greater part to the better binding affinity of MepR.
Indeed, ITC studies using a full-length 46-bp mepA operator in which S1 was scrambled and S2 was fully palindromized to contain the S1-like ATAT sequence linking the GTTAG/C TAAT signature sequences revealed a K d of 195 nM and a stoichiometry of 2 (data not shown). This is an improvement of more than 19-fold compared to the previously reported K d of 3,800 nM for MepR binding to the mepA operator with a scrambled S1 and a WT pseudopalindromic S2 sequence (8) . Figure 5 provides additional ITC data on MepR binding to fully palindromized S2 sites in isolation. These data support the critical importance of palindromicity, whereby a fully palindromic 26-bp S2 binds a single MepR dimer with a K d of 14 nM, a 3-fold increase in affinity compared to that observed for the same target with a WT S2 sequence (K d ϭ 40 nM) (described above and illustrated in Fig. 3 ). Increasing the length of the DNA target to 32 bp by adding back a partial S1 site resulted in a K d of 58 nM (32-mer mepA palindrome 1), a result which poorly mirrored that observed when assaying the WT 32-bp S2 site (K d ϭ 1,900 nM) (Fig. 3, 32-mer mepA S2) . Thus, compared to the K d values for the respective 26-bp sequences, the 32-bp palindromized mepA S2 showed an increase in K d of only 4-fold (14 versus 58 nM), whereas the WT 32-mer mepA S2 showed a 47-fold increase in K d (40 versus 1,900 nM). Further modification of the 32-bp palindromized S2 sequence revealed that the key to the increased binding affinity achieved by palindromization lay in the central ATAT linker. Changing the 3=-most C to T, found in the WT S2 sequence, did not change the binding affinity (K d ϭ 58 and 66 nM for 32-mer mepA palindromes 1 and 2, respectively). However, changing the central ATAT back to the WT TAAG resulted in an 11-fold reduction in affinity (K d ϭ 58 and 610 nM for 32-mer mepA palindromes 1 and 3, respectively). Although this particular palindromic sequence of the central linker might play some role in affinity, it would be through indirect readout. MepR in complex with the mepR operator and almost certainly in com-plex with the mepA operator does not directly contact any of these minor groove bases, which lie in the region between the DNA recognition helices of each subunit that creates the functional MepR dimer (8, 21, 22) . Further, we cannot completely rule out the possibility that palindromization of S2 results in an alteration in S1 binding-mediated allosteric effects to better receive the second dimer at S2 or a combination of these events. The EMSA data revealed that full palindromization of both S1 and S2 did not improve the results observed when only S2 was made palindromic (compare the results for P2 and FP in Fig.  4) , consistent with the mechanistic hypotheses just advanced.
Palindromization of binding sites also affected the ability of pentamidine, a MepA ligand and known MepR inducer, to interfere with MepR binding (Fig. 6) (5) . The input quantity of MepR used (50 ng) shifted both WT and palindromized sequences completely. The differences were most evident at 50 M pentamidine, where, compared to the results obtained with the WT sequence, palindromization of S1, S2, or S1 and S2 substantially reduced the effect of the substrate on MepR binding (Fig. 6, P1 , P2, and FP, respectively). The reduced substrate effect was maintained for the fully palindromized operator even at a high pentamidine concentration (100 M). The most plausible explanation for these data is the increased stability of the MepR-DNA complex with palindromized binding sites, especially for the FP sequence. The increased stability will shift the normal on-off equilibrium between MepR and its target DNA more toward on, resulting in less free MepR available to interact with ligands. For P2 and the FP sequence, the data without and with inducer are fully compatible with this hypothesis. Both constructs had improved two-dimer binding at lower input amounts of MepR (12.5 ng) compared with that for the WT (Fig. 4) , and both were less responsive to pentamidine (Fig. 6 ). However, for P1 an apparent inconsistency was observed, in that in the absence of inducer there were minimal differences from the results for the WT, whereas in the presence of 50 M pentamidine, a reduced effect on MepR binding was observed. The reason(s) for this discrepancy is not immediately apparent but may be related more to the number of EMSA replicates performed (two) than to a real biological phenomenon.
We also observed that binding to S1 alone, which occurred when the S2 sequence was scrambled, was more easily prevented by pentamidine at all concentrations tested (Fig. 6, Sc2 ). This observation is consistent with a reduced affinity of MepR bound only to S1, leading to more available free MepR. While the sequence of a scrambled S2 differed from that which we employed, previously performed ITC experiments revealed a modest reduction in MepR affinity for isolated S1 binding (K d , 42 versus 71 nM for the WT and S2 scrambled operator, respectively), providing general support for our hypothesis (8) .
Transcriptional efficiency and effect of pentamidine exposure on the FP mepA operator derivative. ␤-Galactosidase assays revealed that MepR repression of mepA expression was greater for the FP than the WT operator derivatives (50 versus 64%; P ϭ 0.004) (Fig. 7) . Thus, the findings of both in vitro (EMSA) and in vivo analyses were consistent with the conclusion that the affinity of MepR for the mepA operator is enhanced when the operator is fully palindromic. The 28% higher level of expression of mepA from the WT operator without the induction of mepR expression is also consistent with the increased MepR affinity for the FP operator derivative. As mentioned previously, it is known that the tetracycline-responsive promoter of pALC2073 is leaky, allowing some mepR transcription to occur in the absence of tetracycline induction (16) . The low level of available MepR in the uninduced state will have a greater effect on mepA transcription from the FP operator than that from the WT operator as a result of its greater affinity there, resulting in lower expression in the uninduced state. We do concede, however, that reduced transcriptional efficiency as a result of the mutations introduced into the mepA operator to produce the FP derivative may contribute, as some of the base pair changes altered the Ϫ10 hexamer (TAAGCT ¡ ATATCT, where the alterations are underlined) (Fig. 4) . Even if this was a contributing factor, it does not change the fact that the greater effect of MepR in the induced state is consistent with a greater MepR affinity for the FP operator sequence.
Exposure to 0.4 g/ml pentamidine (1/32ϫ MIC) resulted in a significant increase in mepA expression in the presence of the WT operator (P ϭ 0.003), whereas a modest, but not significant, reduction was observed for the FP operator derivative (Fig. 7) . These data are consistent with the EMSA data obtained with pentamidine, which showed a reversal of the MepR-WT operator interaction and resistance to this effect for the FP derivative (Fig. 6) . The reason for the small reduction in mepA expression observed for the FP derivative is not apparent, but our data clearly reveal that substrate-mediated induction of MepR does not occur.
Model of the MepR-mepA operator interaction. Figure 8 provides a model of the interaction between MepR and its mepA operator target as well as between MepR and the inducer. Confirmation of this model, especially for the occurrence of the allosteric changes in DNA structure associated with the binding of MepR to S1 that recruit a second dimer to S2 and the effect of ligand binding on the conformation of MepR, awaits solution of MepR-mepA operator and MepR-ligand structures.
Concluding remarks. The current WT mepA operator sequence may have evolved through the accumulation of favorable mutations at times of exposure of S. aureus to MepA substrates. The WT sequence is completely conserved across all sequenced S. aureus genomes, indicating that it represents the most favorable balance between MepR binding affinity, the induction of MepR in the presence of MepA substrates, and the maintenance of functional Ϫ10 and Ϫ35 promoter elements. The positive cooperativity of MepR binding to the mepA operator is supported by our data, confirming those generated previously by deletion analyses and ITC, and likely occurs as a result of the S1-MepR binding event mediating a conformational alteration of the downstream double helix such that subsequent S2 binding by MepR is augmented. Direct interdimer interactions are not necessary for two-dimer binding and, on the basis of our data, do not contribute directly to the cooperativity observed. Our current data also uncover the fact that palindromicity is a critical determinant in the regulation of the mepA operator, and perhaps the sequence degeneracy present in S2 is necessary for a proper and timely response to MepA substrates. The structure of the mepA operator is unique among those with which MarR proteins interact, and the data presented herein provide further insight into the biological behavior of this family of regulatory proteins.
